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Scientific Progress

  This project investigated three related phenomena: photoluminescence properties of ZnO nanorods, charge carrier dynamics 
within ZnO nanorods, and charge-carrier recombination dynamics in silicon nanowires.
  Two-photon emission microscopy was used to investigate the photoluminescence properties of individual ZnO rods. The rods 
are 10–20 micrometers in length with a tapered cross section that varies from 1 to 2 micrometers at the midpoint to several 
hundred nanometers at the ends. The tapered shape and hexagonal cross section result in complex optical resonator modes 
that lead to periodic patterns in the two-photon emission image. Finite-difference frequency domain methods using a series of 
excitation sources, including focused Gaussian, point dipole, and plane wave, suggest that resonator modes have both standing 
wave (Fabry-Pérot) and whispering gallery mode character, whose relative contributions vary along the rod axis.
  Two-photon emission microscopy was used to characterize the charge carrier dynamics at different locations within a single 
ZnO rod. Photoexcitation by a focused laser produces carriers (electrons and holes) in a localized region. Emission is detected 
using both time-integrated and time-resolved methods. Results show that the electron-hole plasma(EHP) state plays a larger 
role at the end of the rod compared to other points within the structure, where electron-hole recombination proceeds through an 
excitonic state. The origin of this spatial dependence is attributed to the physical confinement at the end of the structure that 
prevents an expansion of the photoexcited electron-hole cloud through processes such as carrier diffusion. Whispering gallery 
modes are identified as contributing to a periodic emission pattern along the length of the structure.
  Pump-probe microscopy was used with femtosecond temporal resolution and submicron spatial resolution to characterize 
charge-carrier recombination and transport dynamics in silicon nanowires locally strained by bending deformation. The electron-
hole recombination rate increases with strain for values above a threshold of about 1% and, in highly strained (~5%) regions of 
the nanowire, increases 6-fold. The changes in recombination rate are independent of nanowire diameter and reversible upon 
reduction of the applied strain, indicating the effect originates from alterations to the nanowire bulk electronic structure rather 
than introduction of defects. The results highlight the strong relationship between strain, electronic structure, and charge-carrier 
dynamics in low-dimensional semiconductor systems, and it is likely that the results will assist the development of strain-
enabled optoelectronic devices with indirect-bandgap materials such as silicon.

Technology Transfer
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Final Project Report 
 
Efforts during the reporting period centered on the spatially resolved photophysics of 

needle-shaped ZnO and contributed to our understanding of the photoluminescence properties of 
these individual structures on experimental and theoretical level. 
 
1.) Spatially-resolved Electronic Dynamics 

 The scanning electron microscopy (SEM) image of a typical structure is shown in the top 
right of Figure 1. The rods are crystalline structures that are 10 and 20 μm in length with hexagonal 
cross-sections that taper from ~1-2 µm at their widest point to ~300-500 nm at their ends. The 
optical properties were studied using two-photon emission microscopy. Here, individual ZnO rods 
were excited by 730 nm a femtosecond laser pulse focused to a diffraction limited spot by a 
microscope objective (0.8 NA, 50x), resulting in a simultaneous absorption of two photons that 
promotes electrons from the valence band to the conduction band. Since the two-photon excitation 
region is small (380 nm) compared to the rod’s size, only a localized region is excited. The free 
carriers that are created can relax into excitonic states that lie just below the conduction band, 
giving rise to a UV-blue emission centered at ~390 nm, or into trap states associated with defects 
in the crystal lattice, resulting in a broad visible band extending from 500-650 nm.  Two-photon 
emission images (Figure 1, inset) are obtained by raster scanning the sample stage while 
monitoring either band-edge (390 nm) or trap (550 nm) emission channels. 

 

 
Both emission images show significant variation in the emission intensity across the 

structure. The increased area of intensity at the end is a particularly prominent feature in both 
images; however, close comparison of the images shows that the bright spots are slightly offset, 
with the trap image showing its most intense emission slightly to the left of the band edge. We are 
able to obtain both emission and SEM images from the same structure. This enables us to correlate 
spectroscopic observations with structural features, a capability that is critical to forging the 
connection between object shape and dynamical behavior. Examination of the SEM image for this 

Figure 1: (Left) Illustration of the ZnO 
band diagram. Two-photon excitation 
produces free carriers that can either 
relax into excitonic states or become 
trapped at defect sites. (Right, Inset) 
Scanning electron microscopy (SEM) 
image of typical needle shaped rod, 
along with the emission images obtained 
by monitoring either the band-edge (BE) 
or trap emission channels. Emission 
spectra collected by positioning the 
excitation spot at the end (red) or interior 
(blue) of the structure. The exact 
locations are indicated by the colored 
circles in the SEM image. Note that in 
this particular image, only the left end of 
the structure is shown. 



structure suggests that this shift is likely a consequence of the roughness observed at the tip of this 
rod, which would result in a greater defect density and brighter trap emission.  

Positioning the excitation spot over a specific part of the structure (e.g. middle or end) 
enables emission spectra and lifetimes to be measured in a spatially resolved manner.  The 
photoluminescence spectra shown in Figure 1 were collected from the end of the rod and at a point 
located between the end and middle, denoted “interior”. Both spectra show a narrow transition 
centered at ∼390 nm that corresponds to electron hole recombination from the band-edge (BE) 
and a broad trap emission band at ∼550 nm (T). While the spectra have the same basic form, the 
intensity of the band-edge emission relative to the trap depends on the location in the structure, 
with the spectrum obtained from the end exhibiting a greater BE/T intensity ratio than the interior 
(∼20:1 vs ∼5:1). The spatial variation in the BE/T ratio is one indicator that the photophysics at 
the end of the structure differ markedly from those in the interior. 

Time-resolved emission microscopy revealed a time-dependent redshift in the 
photoluminescence at higher excitation intensities. This red shift is consistent with the formation 
of an electron-hole plasma (EHP) at higher excitation intensities. At low excitation intensity the 
band-edge (BE) emission arises predominantly from exciton recombination. As the carrier density 
increases, Coulombic screening weakens the exciton binding energy, resulting in the dissociation 
of the electron-hole pairs and the transition to the EHP state.  This work was published in J. Phys. 
Chem. C 2011, 115, (43), 21436-21442. 
 
2.) Optical Resonator Modes: Spatial Variation in the Photoluminescence Images 

In addition to the bright ends, the emission from the interior of the rod is periodically 
modulated and coincides with the hexagonal facets. Not every rod exhibits a pattern of this nature, 
but most do. A particularly striking example is shown in Figure 2. This spatial variation results 
from optical cavity modes supported by the rod’s hexagonal cross section, which become visible 
when structure’s dimensions are comparable to the wavelength of light. Generally, there are two 
types of modes: standing wave (Fabry-Perot, FP) resonances that are supported between two 
parallel facets, and whispering gallery (WG) modes that correspond to propagation of light around 
the periphery of the rod through total internal reflection off each facet. Both modes have resonance 
conditions that depend upon the excitation wavelength and the cross-sectional diameter of the rod. 
Due to the needle shaped structure, the diameter changes along the length of the rod, causing the 
excitation to go in and out of resonance, giving rise to the pattern.   

 

 

Figure 2: (A) SEM image and (B) emission 
spectrum of a tapered zinc oxide nanorod. 
The red circle and double-headed arrow 
indicate the location at which the spectrum 
was acquired and the direction of the 
excitation polarization vector, respectively. 
(C, D) Photoluminescence images taken at 
390 and 550 nm, respectively, show a 
modulated emission pattern along the 
structure. 



 
We used finite-difference frequency-domain (FDFD) methods to simulate the distribution 

of the optical intensity within the structure. Shown in the center of Figure 3 is the simulated 
emission image for the rod depicted in Figure 2. On either side of the image, are the optical mode 
patterns observed at different points within the image. When excited on either side of the rod, 
particularly at larger diameters, the pattern has clear WG mode characteristics, with much of the 
optical intensity being located near the surface of the rod. However, as the diameter is decreased 
to a size consistent with the tip, the distribution starts to take on more FP character with greater 
intensity appearing in the core of the structure.  These observations help to explain the spatial 
variation in the electronic dynamics observed using pump-probe microscopy.  The FDTD 
simulations were published in J. Phys. Chem. C 2013, 117, (20), 10653-10660. 

 

  
 

Figure 3: FDTD simulations of the two-
photon photoluminescence from a needle-
shaped ZnO rod. (Center) Simulated image 
for the structure depicted in Figure 2. (Left 
and Right)  Images showing the optical field 
in the hexagonal cross-section of the rod. As 
the position in the rod changes, the size of 
the hexagonal resonator also changes, 
resulting in the different mode patterns. 




